Introduction
Ceratocystis canker (CC) is a serious soil disease affecting fig (Ficus carica L.) cultures in Japan. The pathogen in question has been identified as Ceratocystis fimbriata Ellis et Halsted (Kato et al., 1982) , but Kajitani and Masuya (2011) recently described another species, "C. ficicola". We specify "C. fimbriata" in this report because the Japan Plant Protection Association has not yet authorized the new species. The disease invades the roots and trunks of figs and eventually kills the tree. 'Masui Dauphine' ['San Piero' sensu (Condit, 1955) ] is a major fig variety in Japan and is susceptible to CC. To control this disease, a disease-resistant variety is required as a rootstock. Laboratory tests of C. fimbriata inoculation (Kato et al., 1982; Morita et al., 2011; Shimizu and Miyoshi, 1999) found reduced spreading of lesions and lower mortality in the saplings of several fig varieties, including 'Celeste' ['Malta' sensu (Condit, 1955) ], 'Boldido Negra', 'Negronne' ['Bordeaux' sensu (Condit, 1955) ], and 'Ischia Black'. The lower mortality in 'Celeste' was described in an earlier report (Kato et al., 1982) , and some growers commenced a test planting of 'Masui Dauphine' grafted on 'Celeste' rootstock. Acceptable growth of 'Masui Dauphine' tree grafted on 'Celeste' rootstock took place in usually healthy fields (Awamura and Nogata, 2005) .
Laboratory results on sapling mortality are inadequate to determine the suitability of disease-resistant rootstock. It is important to determine the effect of C. fimbriata infection on the growth of grafted trees, and how long 160 the grafted trees will survive in a commercial field with CC. In the present study, the root respiration and tree growth of these resistive fig varieties, and grafted scion growth were investigated under the condition of C. fimbriata infection. We assessed the resistance of these varieties as potential rootstock for 'Masui Dauphine' fig.
Materials and Methods
Root growth of 'Celeste' fig cuttings in a root box inoculated with CC pathogen (Experiment 1) In Jan. 2006, 'Celeste' shoot-cuttings of length 18 cm were surface-sterilized. The basal halves of the cuttings were treated with 50 ppm NAA for 24 h, and rooted in fresh water at 25°C. Each rooted cutting was transplanted into a plastic root box filled with 350 mL sterilized coarse sand (Fig. 1) , and was grown in a phytotron (day/night at 12/12 h, 25/20°C, RH 75/75%) with daily irrigation. One shoot was elongated per cutting; the other shoots were disbudded.
The growth of observable roots was traced daily, through the transparent plates, and summed to give the total root lengths until 35 days after inoculation. Root respiration rates were measured with an oxygen electrode unit (DW1, Hansatech Instruments, UK) as follows. When the total root length reached ca. 200 cm, the transparent plate was opened temporarily, and 30 mg rootlets was sampled, chopped and put into the reaction chamber of the unit together with 1.5 mL distilled water at 25°C. The respiration rate was calculated from the amount of O 2 removed from 2 to 4 min after the start of the measurements. When the total root lengths reached ca. 300 cm, 6 g slow-release fertilizer (100 days type N : P 2 O 5 : K 2 O = 10 : 18 : 15 in addition to micronutrients) was applied to the surface of the soil in the root boxes. When the total root lengths reached ca. 400 cm, the root respiration rates were measured again in the same way. The next day, the inocula, comprising 1.3 g (HeavyInoculation) or 0.13 g (Light-Inoculation) of 1.6 mm thick potato dextrose agar (PDA) plate medium, upon which mycelial tufts of C. fimbriata had been incubated for 3 weeks at 25°C, were scattered over the soil surface of the root boxes. Similar measurements of the root respiration rate were repeated at 5-day intervals from 3 to 28 days, and then at 10-day intervals from 28 to 78 days after inoculation. Six, 7, and 7 cuttings were used for the Heavy-Inoculation, Light-Inoculation, and control (no inoculation) treatments, respectively. Wilted cuttings were regarded as dead and were excluded from the measurements from that point.
Tree growth of disease-resistant fig varieties in pots with
CC pathogen (Experiment 2) Four disease-resistant varieties were tested: 'Celeste', 'Boldido Negra', 'Ischia Black', and 'Negronne'. Half of the total number (from 5 to 7) trees of each variety were treated with the Light-Inoculation of C. fimbriata, and the other half were controls. A further 7 trees of 'Celeste' were treated with the Heavy-Inoculation, and 7 more acted as controls. The various combinations of inoculated trees and controls were tested during 4 subdivided seasons (2004, 2005, 2007, and 2008) .
Every September in each season, the young tested trees were transplanted into plastic pots filled with 3.5 L of a mixture of Kanuma soil and vermiculite (1 : 1, v/v), with 24 g slow-release fertilizer (100 days type N : P 2 O 5 : K 2 O = 10 : 18 : 15 in addition to micronutrients). These trees were grown in a growth chamber maintained at 25°C. As irrigation, one L of tap water was applied twice per day automatically. A single shoot was allowed to grow on each tree, and the other shoots were disbudded. All of the shoots were pinched once when the average shoot length reached 18 cm in each season. Soon after pinching, 100 mL suspensions containing 10 g (Heavy-Inoculation) or 1.3 g (Light-Inoculation) of 1.6 mm thick PDA plate medium, on which mycelial tufts of C. fimbriata had been incubated for 3 weeks at 25°C, were injected into the soil. Only two lateral shoots were elongated per tree, and the other shoots were disbudded. The trees were grubbed from the pots 5 months after transplanting. The fresh weights of the leaves and lateral shoots were measured, and also the dry weights of the roots. The root respiration rates were measured as in experiment 1. The infection grades were ranked as none (−), slight (+), medium (++) or heavy (+++) according to the extent of lesion spreading observed on the underground parts of the trees. 2 years in an unheated greenhouse. One hundred fortyfour grams of slow-release fertilizers (100 days type N : P 2 O 5 : K 2 O = 10 : 18 : 15 in addition to micronutrients) were applied to each tree in July 2009 and in May 2010. Irrigation was applied automatically as required. Four shoots per tree were elongated each year, and other shoots were disbudded.
Six trees of each rootstock variety were inoculated two times (Sep. 2009 and Jun. 2010 ) with soil drenching of C. fimbriata; the other 6 trees were controls. Each inoculum was a suspension of mycelial tufts with a light amount (8 g) of 1.6 mm thick PDA plate medium, on which C. fimbriata had been incubated for 3 weeks at 25°C. The length and basal diameter (diameter of 2nd or 3rd node from the base) of each shoot was measured soon after inoculation (Sep. 2009) and just before pruning (Dec. 2009 and Jan. 2011) in the surviving trees. The volume (V cm 3 ) of each shoot was estimated on the premise that the shoot was a conical column in shape:
where l denotes length (cm), r 1 is half of the basal diameter (cm) and r 2 is half of the apical diameter (cm) of each shoot. Here r 2 is estimated from r 1 by an original regression equation: The root weights were estimated by the method of Kusaba et al. (2005) . The relative value for each root was determined from the electrical capacitance between the base of the trunk and wetted soil, measured by an LCR meter (EKC-133A, Custom Co., Japan). The relationship between the electrical capacitances and dry weight of the roots was confirmed by the significant coefficient of correlation (r = 0.81) of another 40 potted fig trees.
Growth of 'Masui Dauphine' fig trees on diseaseresistant rootstocks in the field with CC (Experiment 4)
'Masui Dauphine' fig trees on the rootstocks of 6 varieties and own-rooted trees were tested. The two additional rootstocks were 'Zidi' and 'King', which are known to be vigorous (Hosomi et al., 2002) , but are reported to be susceptible to CC (Hosomi and Kawaradani, 2004) Each year, one scion shoot per tree was allowed to elongate. In March, every year, the length of each shoot and the basal diameter were measured as in experiment 3, and the shoots were pruned above the 2nd or 3rd node from the base. The numbers of dead trees were counted every March and September. Filler trees of the same graft combination were replanted after the removal of dead trees, but were not included in the measurements of scion growth.
Results

Root growth of 'Celeste' fig cuttings in a root box inoculated with CC pathogen
In Figure 2 , total root lengths were plotted every day from 40 days before (− 40 days) to 35 days after inoculation (= the first day). Before inoculation (from − 40 day to the first day), the roots in every test grew similarly. Root growth of the cuttings slowed after inoculation. The mean total root lengths were shorter (725 cm) in the Heavy-Inoculation and Light-Inoculation (811 cm) groups than in controls (1230 cm). There was no significant difference in root elongations between Heavy and Light-Inoculations. Figure 3 shows the mean root respiration rates before fertilization (37-7 days before inoculation), 1 day before inoculation, and every 16 days (0-15, 16-31, 32-47, 48-63 , and 64-79 days) after inoculation. In general, the rates decreased temporarily after fertilization, and increased to a broad peak at 32-47 days. Relative to the control, the respiration rates in the Heavy-Inoculation group continued to fall after 16-31 days, and fell markedly after 64 days. In the Light-Inoculation group, the respiration rate was greater than in controls at 16-31 days, but fell markedly after 64 days. Two cuttings died in the Heavy-Inoculation group; the other cuttings survived throughout the test period. Later in the test period, many fine lesions were observed on the rootlets of inoculated cuttings (Fig. 4) .
Tree growth of disease-resistant fig varieties in pots with CC pathogen Table 1 shows the growth for 5 months. Inoculated trees of every variety survived, but bore lesions on their underground parts (Fig. 5) . The infection grades were ranked as medium (++) in 'Celeste', and slight (+) in the other varieties.
The growths and root respiration rates of the inoculated trees were compared with controls for each variety. In 'Celeste' with both Heavy-and LightInoculation, the fresh weights of leaves and shoots, and the dry weights of roots, were significantly lower than in controls. In the other varieties, no significant differences in growth were observed between inoculated and control trees. The root respiration rates of inoculated trees were significantly less than in controls for 'Celeste' with Heavy-Inoculation, and were significantly larger for 'Boldido Negra' with Light-Inoculation.
Growth of 'Masui Dauphine' fig trees on diseaseresistant rootstocks in containers with CC pathogen Table 2 shows the growth of 'Masui Dauphine' trees on the different rootstock varieties with and without CC Table 1 . Effect of C. fimbriata inoculation on the relative growth and root respiration of disease-resistant fig varieties in pots.
z Soil-drenching with 10 g (Heavy) or 1.3 g (Light) PDA medium, on which mycelial tufts of C. fimbriata had been incubated, and no inoculation (no). y Grades of lesion spreading on underground stems: none (−), slight (+), medium (++), large (+++).
x Mean values of percentage to each variety of no inoculated trees grown in the respective season. w Respiration rates of rootlets measured with oxygen electrode unit. v Significances between inoculated and non-inoculated trees in each variety (*, P < 0.05; **, P < 0.01; NS, non-significant by t-test).
Variety
Number pathogens. All trees survived in the first year, and no significant differences were detected in scion shoot growth after inoculation. In the second year, the growth of inoculated trees was generally less than for control trees, and 1 tree on 'Celeste' and 3 trees on 'Boldido Negra' died due to CC. Significant differences between inoculated and control trees were observed in the shoot volume on every rootstock except 'Negronne', and in the electrical capacitance of roots of 'Celeste'. Rootstock varieties also affected tree growth. In the control trees, the shoot volumes on 'Negronne' were significantly larger than on 'Boldido Negra', and the electrical capacitances of the roots of 'Negronne' or 'Celeste' were significantly larger than for 'Boldido Negra'. In the inoculated trees, the shoot volumes on 'Negronne' were significantly larger than on 'Ischia Black' or 'Boldido Negra', and the electrical capacitance of the roots of 'Negronne' was significantly larger than for 'Celeste'. Table 3 shows cumulative mortality: 'Masui Dauphine' trees on susceptible varieties, and own rooted trees, died in the early period. The final mortality was King  10  0  10  50  50  90  90  90  90  90  90  90  90  90  90  a   Zidi  10  0  10  30  50  50  50  50  50  60  60  60  60  60  60  ab   own-rooted  10  0  10  20  30  40  40  40  40  40  40  40  40  50  50  ab   Table 2 . Effect of C. fimbriata inoculation on the growth of container-grown 'Masui Dauphine' fig trees grafted onto disease-resistant varieties.
Growth of 'Masui Dauphine' fig trees on diseaseresistant rootstocks in the field with CC
z Two (Sep. 2009 , Jun. 2010 ) soil-drenching with 8 g (Light) PDA medium, on which mycelial tufts of C. fimbriata had been incubated, and no inoculation (no). y Each volume (V cm 3 ) of shoot was estimated from equations: V = π·l·(r 1 2 + r 1 ·r 2 + r 2 2 )/3, r 2 = 0.14201·log e r 1 + 0.4042, where l denotes length (cm), r 1 is half of the basal diameter (cm) of each shoot.
x Electrical capacitance between the base of trunk and wetted soil, measured by LCR meter. 90% on 'King', 60% on 'Zidi' and 50% of own rooted trees. In contrast, trees on the disease-resistant varieties tested scarcely died until the 5th year. A few trees died after the 6th year, and the final mortality was 40% on 'Boldido Negra', 20% on 'Celeste', 20% on 'Negronne', and 14% on 'Ischia Black'. The mortality of the trees on each disease-resistant variety tested was significantly less than on 'King'. Table 4 shows the shoot volumes of surviving trees grafted onto the varieties tested during the 5 years after grafting. The average shoot volumes were significantly reduced in the 4th year, but returned to the former levels the next (5th) year. The average shoot volume was greatest for 'Negronne' and least for 'Celeste'; although individual trees varied in growth, no significant differences in shoot volume were observed between the disease-resistant varieties.
Discussion
C. fimbriata inhibited the root elongations of 'Celeste' soon after inoculation in experiment 1. Obvious reductions in root weight and relative root volume were detected only in inoculated trees of 'Celeste' (experiment 2, 3). The greater inhibition of 'Celeste' may be related to the large lesions observed on the underground parts in experiment 2. In the other three varieties, 'Boldido Negra', 'Ischia Black', and 'Negronne', however, slight lesions were observed on the underground parts (experiment 2); the average root growth of inoculated trees was less than for controls, although the difference was not significant (experiment 2, 3). These results suggest that the root growth of every variety tested is liable to inhibition by C. fimbriata inoculation.
In experiment 1, enhanced respiration was observed before obvious lesion spread in the roots of the LightInoculation group. There are many reports that fungal infection enhances the respiration of host plants (Allen, 1953) . The enhanced respiration of 'Celeste' fig is partly wound respiration in the primary process of C. fimbriata infection; however, the inoculated roots stopped elongating and bore many fine lesions, after which their root respiration rates fell below controls. Under normal conditions, root respiration generally indicates root activity related to growth (Veen, 1981) . High root respiration has been observed in vigorously growing roots of fig trees (Hirata, 1985) . After the spread of lesions, the reduction in the respiration rate of infected roots suggests a deactivation resulting in root breakdown. In the Heavy-Inoculation group, a larger amount of inoculum probably induced earlier degradation of root activity, and offset the temporary enhancement of respiration.
The amount of inoculum may be enough for infection even in the Light-Inoculation group, because similar inocula killed most 'Masui Dauphine' trees in a previous study (Miwa et al., 2010) ; however, degradation of root activity was observed in only 'Celeste' with HeavyInoculation in experiment 2. Light-Inoculation caused no degradation of root activity in any variety including 'Celeste'; and new roots were often observed at the end of experiment 2. Miwa et al. (2010) reported that CC damage to fig trees was worse in sterilized soil than in unsterilized soil, probably because of poor microbial diversity in the soil. Degradation of root activity may occur in limited situations arising with aseptic soil, as in experiment 1, or in the presence of unreasonable amounts of pathogen such as in the Heavy-Inoculation treatment.
In every variety except 'Celeste', no inhibition of shoot growth was observed 5 months after inoculation in experiment 2. Inhibition of shoot growth was not observed in experiment 3 until the 2nd year. Such shoot growth inhibition should result in a dwarfing effect of rootstock, since no lesions were observed on the scion shoots. There may, however, be a time lag between the beginning of inhibition of shoot growth and root growth.
The difference in mortality in the infected field in experiment 4 is consistent with previous laboratory results. For instance, CC susceptibilities of potted saplings were in the order 'King' > 'Zidi' = 'Masui Dauphine' > 'Celeste' (Hosomi and Kawaradani, 2004) , the same as the order of mortality in our experiment 4. Low susceptibility of 'Boldido Negra', 'Negronne', and 'Ischia Black' was also consistent with the low mortality in experiment 4.
C. fimbriata, however, caused slight lesions and some growth inhibition in every variety (experiment 2, 3). A few trees on the disease-resistant rootstocks died due to CC (experiment 3, 4). C. fimbriata is known as a pathogen that causes the wilting of several species of fruit tree (Kile, 1993) . Some disease-resistant varieties are available, such as cocoa (Simmonds, 1994) and mango (Ribeiro et al., 1995) . The resistance levels of these varieties are variable and have horizontal resistance. The present study demonstrates that our tested varieties are also horizontally resistant varieties, not true resistant varieties. We nevertheless expect these rootstocks to maintain root activity and scion growth for at least several years, despite continuing damage by CC. We conclude that the ability of the rootstocks to combat CC is not perfect but is clearly worth using to control CC in commercial fields. Our further interest is which variety is the best rootstock for 'Masui Dauphine' fig production. The initial 3-year mortality of the fig varieties in experiment 4 has been reported as a preliminary note (Hosomi and Shimizu, 2008) . It was provisionally concluded that every variety tested can act as disease-resistant rootstock, and that 'Ischia Black' is best because of its vigorous growth in normal fields. The present results show, however, that disease resistance is greatest in 'Negronne' (rather than 'Ischia Black'), as 'Negronne' gave rise to the least damage by CC in experiment 3. In a subsequent study, attention should be paid to how the rootstock 'Negronne' maintains scion growth and fruit production in commercial fields with and without CC incidence. A possible remedy against infected fields is to grub up the diseased trees and plant new saplings with diseaseresistant rootstock. Such supplementary planting is apt to cause soil sickness (Hosomi, 2011) , possibly exposing the fig trees to double damage by CC and soil sickness. It is also important to assess the potential of 'Negronne' as a rootstock resistant to soil sickness.
